Numerous mussel species produce byssal threads -tough proteinaceous fibers, which anchor mussels in aquatic habitats. Byssal threads from Mytilus species, which are comprised of modified collagen proteins -have become a veritable archetype for bio-inspired polymers due to their self-healing properties. However, threads from different species are comparatively much less understood. In particular, the byssus of Pinna nobilis comprises thousands of fine fibers utilized by humans for millennia to fashion lightweight golden fabrics known as sea silk. P. nobilis is very different from Mytilus from an ecological, morphological and evolutionary point of view and it stands to reason that the structurefunction relationships of its byssus are distinct. Here, we performed compositional analysis, X-ray diffraction (XRD) and transmission electron microscopy (TEM) to investigate byssal threads of P. nobilis, as well as a closely related bivalve species (Atrina pectinata) and a distantly related one (Pinctada fucata).
Introduction
Many organisms fabricate polymeric fibers from protein building blocks, which function outside the body in various roles such as prey capture, defense and attachment. 1 Some natural fibers, such as silk and mussel byssus, have become important biological role models for inspiring development of advanced biomimetic materials. [2] [3] [4] In general, the enormous biological diversity of materials produced by different species offers a range of different material solutions and potentially transformative structure-function paradigms. [5] [6] [7] [8] Along these lines, comparative investigations of analogous biological materials produced by closely and distantly related species is essential for elucidating biological materials design. This approach has been critical to understanding the underlying design principles of spider and insect silks, 6 and clearly, holds great potential for better understanding the mussel byssus. 9, 10 The byssus is a set of protein holdfast fibers that helps mussels survive strong marine currents and resist predation. Mytilus mussel byssus has received a great deal of attention due to its self-healing capacity, high toughness and strong underwater adhesion. [11] [12] [13] Its study has not only increased the understanding of the relationship between protein structure and macroscale properties, 14, 15 but the discovery of distinct chemical features in the byssal thread proteins from Mytilus spp. (e.g. 3,4-dihydroxyphenylalanine (DOPA)) has inspired the development of new synthetic materials such as adhesives for fetal surgery 2 and self-healing polymers. 16, 17 The self-healing capacity and remarkable mechanical performance of Mytilus byssal threads originate from their peculiar combination of protein domains with specific secondary structures and chemical features -they are primarily comprised of protein building blocks consisting of collagen domains flanked on both ends by extensible cross beta-sheet domains, which are mechanically stabilized by histidine-metal coordination. 14, 18, 19 However, Mytilus are not the only byssus-producing musselsanalogous to silks, byssus from different species exhibits a wide range of compositions, structures and putative functions.
For example, the byssus of the giant clam Tridacna maxima is comprised of four-stranded coiled-coil proteins, 20 while Anomia oysters even possess a calcified byssus. 21 In addition to these species, the byssus of the fan mussel, Pinna nobilis ( Fig. 1) is of particular interest because it has been used for embroidery of valuable lightweight fabrics for several millennia, renowned in ancient times for their golden color. 22, 23 Presently, P. nobilis is a protected species due to overfishing and massive destruction by boat anchors, which makes it difficult to acquire samples for investigation. However, a recently published study 9 compared the tensile properties of byssal threads from P. nobilis to threads from Mytilus, Perna and Xenostrobus species. While the stress-strain curve superficially resembles Mytilus spp. threads in its general shape, P. nobilis threads exhibited lower extensibility, strength and yield strain and higher stiffness, which the authors attributed to observed differences in the amino acid and elemental composition of the fibers. While this is a compelling hypothesis, there is currently an enormous lack of knowledge about the nano-and micro-scale hierarchical structure of P. nobilis byssal threads, [24] [25] [26] which is known to play a critical role in the structure-function relationships of Mytilus threads. 18 Here, we aim to elucidate the superstructural organization of proteins in P. nobilis byssal threads and compare it to threads from related bivalve species, in order to assess the relationship between byssus structure and evolutionary function. Therefore, we performed an in-depth comparative investigation of byssal threads from Pinna nobilis, Atrina pectinata, and Pinctada fucata and compared these findings to that of the well-studied Mytilus byssal threads (Fig. 1 ). The evolutionary relationship between the four mussel species, which all belong to the Pteriomorphia subclass of bivalves, is depicted in Fig. 2 , indicating that Mytilus mussels, belonging to the Mytiloida order, are distantly related to the other three species which all belong to the order Ostreida. Within the Ostreida order, pearl oysters (Pinctada) and fan shells (Atrina and Pinna) belong to two different superfamilies (Pterioidea and Pinnoidea). A. pectinata and P. nobilis are the most closely related species in this study, both belonging to the Pinnidae family, thus, providing a range of different levels of relationships between the studied byssal threads. In line with these taxonomic divergences, these mussels also live in very different environments: Mytilus specimens are found in intertidal areas where they endure crashing waves, whereas Ostreida members live in calmer waters. The fan shell mussels from Fig. 1 Comparative morphology of different byssal threads. Morphological variation between byssal threads investigated in this study, including fan shells (P. nobilis and A. pectinata), pearl oysters (P. fucata) and blue mussels (M. edulis).
Fig. 2
Taxonomic classification of some byssus-producing bivalves. Classification of different mussels whose byssus structure has been studied thus far, according to Bieler et al. 30 For simplification, some classification steps were omitted.
the Mediterranean Sea (P. nobilis) and from the West Pacific (A. pectinata) are very large mussels (up to 1 m and 0.5 m, respectively). They live partially buried in sandy areas, where their byssus acts more like anchoring plant roots, which is in stark contrast to Mytilus mussels which anchor to hard substratum in the wave-swept rocky intertidal zone. P. fucata oysters have a size up to 8.5 cm 27 and live in coral reefs in protected areas of the Indo-Pacific ocean. While little is known about the proteins comprising the threads of P. nobilis and A. pectinata, P. fucata threads are reported to contain a thrombospondin-like protein stabilized by Ca 2+ , 28, 29 which greatly contrasts the collagen-based byssus of Mytilus spp.
In order to conduct a comparative investigation of the byssus ultrastructure from these species, we utilized a range of techniques including compositional analysis, X-ray scattering and transmission electron microscopy. These reveal that byssal threads of all three species are comprised of a peculiar organization of globular proteins densely packed into nano-fibers and exhibiting a helical superstructure. This helical arrangement has similarities with F-actin and bacterial pili; however, the fact that these helical filaments are organized into a macroscopic fibrous material clearly differentiates the Pinnidae byssus. This highly unusual finding provides insights into how byssus structure is related to evolution and habitat, and also provides important new insights into the role of structural and compositional differences underlying the mechanical differences between P. nobilis and Mytilus spp. byssal threads. Along these lines, it may also provide a new bio-inspired paradigm for producing high-performance polymeric fibers.
2 Materials and methods P. nobilis threads were collected from the wild in the bay of Villefranche-sur-mer, France and between the two Lérins Islands, France. Because P. nobilis is strongly protected (European Directive 92/43/CEE), prior to collection, all necessary permits were acquired from DDTM (Direction Départementale des Territoires et de la Mer, J. Banus) of Alpes-Maritimes department. Byssal threads were collected on site, without killing the animals. P. fucata and A. pectinata threads were collected in Namhae, Gyeongnam, South Korea. Mytilus edulis mussels were collected from the North Sea and kept in a saltwater aquarium at 16 1C. Freshly grown threads were collected from the tank-grown mussels. All threads were stored in Milli-Q water prior to measuring.
Inductively coupled plasma optical emission spectrometry
For metal content determination, approximately 5 mg of threads were freeze-dried and weighed prior to dissolution in 2 ml aqua regia overnight and heating at 180 1C for 1 hour. The metal content was measured with inductively coupled plasma optical emission spectrometry (ICP-OES, PerkinElmer OPTIMA 8000) calibrated with a set of calibration standards in aqua regia. An independent standard in aqua regia was used to check calibration and stability of the measurement.
Amino acid analysis
Amino acid analysis was performed using 1-2 mg of freeze-dried threads, which were hydrolyzed for 24 h in 6 N HCl with 10% phenol at 110 1C under vacuum. The amino acid composition of the samples was analyzed using a post-column ninhydrin-based amino acid analyzer (Sykam S433, Fürstenfeldbruck, Germany).
X-ray diffraction (XRD)
For XRD experiments, threads were glued across a hole on a rigid plastic frame. Drying was minimized by placing threads between a Kapton foil with a hydrated tissue present. Wide and small angle X-ray diffraction (WAXD and SAXD) measurements were conducted at BESSY II Berlin (Elektronenspeicherring Gesellschaft m.b.H., Berlin, Germany) MuSpot beamline. 31 The X-ray wavelength was 0.82565 Å and the beam diameter was 50 mm. The diffraction patterns were collected on a 2D CCD detector (MarMosaic 225, Mar USA, Evanston, USA) with a pixel size of 73.24 mm and a frame size of 3072 Â 3072 pixels. Diffraction patterns were processed with dpdak, an open source XRD analysis tool. 32 Confirmation and refinement of the structure were done using the HELIX software, 33 which is a simple tool simulating diffraction patterns of helical structures from a set of parameters introduced by the user.
Transmission electron microscopy (TEM)
Threads were air-dried prior to embedding in LR White resin (Agar), polymerized at 60 1C for 3 days and then cut into 100 nm slices (Leica Ultracut UCT). Grids were post-stained with 1-2% uranyl acetate (aqueous solution) for 1-10 min and briefly rinsed in miliQ water. Bright field TEM images were obtained with a Zeiss EM 912 Omega at 120 kV and a Jeol JEM-ARM200F at 200 kV.
Results

Byssus composition (ICP-OES and amino acid analysis)
We used amino acid analysis to investigate the protein composition of A. pectinata, P. fucata and P. nobilis byssus and ICP to characterize their inorganic content, and then compared the results with Mytilus byssus (Fig. 3a) . Amino acid analysis showed that all three byssus are mainly composed of proteins (B80%), which is similar to M. californianus byssus. P. nobilis and A. pectinata byssus exhibit a similar protein composition, with a glycine (Gly) and alanine (Ala) content that is 2-3 fold lower than in M. californianus byssus, and a complete absence of hydroxyproline (Hyp). This suggests that Pinnidae byssal threads, in contrast to those of Mytilids, are not based on collagen, as previously observed. 9,24-26 However, they do contain an elevated amount of Pro (410 mol%), which is often associated with intrinsically disordered proteins (IDPs). While the P. fucata byssus contains twice as much Gly as the Pinnidae mussels, it otherwise resembles them and the clear absence of Hyp still differentiates it from the Mytilus collagen-based byssal threads. Pinnidae byssus contains a total amount of metal ions (Fig. 3b ) similar to M. edulis (4.7 AE 1.2 mg g À1 for A. pectinata, 4.0 AE 0.7 mg g À1 for P. nobilis and 3.0 AE 0.5 mg g À1 for M. edulis), while P. fucata seems to contain a bit less (1.6 AE 0.2 mg g À1 ). However, it should be emphasized that metal content in byssal threads has been shown to vary considerably between different locations and season, even for threads from the same species, [34] [35] [36] which complicates a purely quantitative comparison between the measurements in this study and with other studies. 9 Nonetheless, there are notable differences in the relative distribution of different metal ions between the different species.
WAXD/SAXD
Because amino acid analysis suggests that byssal thread proteins from the three non-mytilid species are not collagenous, we utilized wide angle X-ray diffraction (WAXD) to further investigate the conformation of proteins in the threads, and small angle X-ray diffraction (SAXD) to observe and characterize the higher order organization of proteins. As previously observed, 24-26 the typical collagen peak at D = 0.287 nm from Mytilus spp. byssus (arrow on Fig. 4d ), corresponding to the rise per amino acid residue of the triple helix, is absent from the diffraction pattern of P. nobilis, A. pectinata and P. fucata byssus (Fig. 4a , e and i), as are other peaks arising from the triple helical backbone structure. In fact, there are no sharp peaks visible at all within the WAXD region of the diffraction patterns from P. nobilis ( Fig. 4e ), A. pectinata (Fig. 4a ) or P. fucata (Fig. 4i ). Rather, the fibers from all three species exhibit a diffuse halo from Q = 10 nm À1 to 25 nm À1 , which could originate from randomcoil proteins or also from proteins with a mixture of many secondary structures with various orientations, as found in globular proteins. Notably, however, we do observe a series of sharp and ordered diffraction peaks in the SAXD area (Fig. 4b , f and j) indicating that these proteins apparently arrange regularly at larger length scales. In fact, there is an X-shaped arrangement of diffraction peaks observed in the SAXD pattern from byssal threads from all three species, which is typical for globular protein subunits arranged into a helical superstructure, as in bacterial pili 38 and actin. 39, 40 Several important characteristics of this helical structure can be directly calculated from the position of the corresponding layer lines of the diffraction pattern. For instance, the layer line of the first meridional diffraction indicates the number of subunits per repeat of the helix and the number of turns/repeat corresponds to the number of layer lines between the meridional diffraction and the neighboring ones. 33 In P. nobilis and A. pectinata byssus, the first meridional diffraction on the 2nd layer line indicates that the helix has two subunits per repeat, and the neighboring diffractions on the 3rd layer line indicate that the helix possesses one turn per repeat. Thus, both A. pectinata and P. nobilis byssus possess a helical superstructure with two protein subunits per turn. The byssus fibers of P. fucata generate a similar SAXD spectrum, except that the diffraction on the 3rd layer line is extinct. However, the distance between layer lines, which indicates the length of the repeat unit, are highly similar between the byssal threads from the three species ( Differences between the diffraction patterns were investigated using the HELIX software. 33 To do so, we tuned the different parameters (number and size of subunits, number and relative position of strands) until our simulated spectrum exhibit relative intensities close to the original central diffractions of the SAXS pattern (Fig. 4c, g and k) . For the simulated patterns presented in Fig. 4h and l, we used the parameters given in Table 1 . However, the improvement of the spectra simulation by addition and positioning of a second strand does not necessarily mean that the protein helices really contain two strands, but rather that the shape of the protein is such that it diffracts more like a pair of spheres, rather than like a single sphere (which is the approximation for the shape of the subunit in the HELIX software). This is not unusual considering the complex shape of the globular protein subunits found in bacterial pili, 41 for example.
Organisation of protein fibrils into macro-fibers (TEM)
To gain further support for the hypothesis that threads of P. nobilis, A. pectinata and P. fucata are comprised of globular protein arranged helically into fibers, transmission electron microscopy (TEM) was used to study the nanoscale ultrastructure of the fibers. In order to gain enough contrast, a small defocus was used, leading to a shift in the contrast transfer function allowing the wavelength corresponding to this structure size to be present in the image. 42 This enabled the observation of a clear fibrillar structure in longitudinal cross-sections of A. fucata and P. nobilis, as well as P. fucata (Fig. 5a, e and i) , which is also present on transversal cuts as small dense light circles with a dark-staining core (Fig. 5a, f and j) . This is also 43 and SEM images of P. nobilis byssus. 9, 43 The sizes of the structures we observed are consistent with the fiber sizes predicted from our analysis of the WAXD/SAXD data. In all three species, the helical nanofibrils appear to be embedded in a matrix material, which appears unstructured; however, they are arranged differently in each thread type. In P. nobilis, the helical nanofibrils are dispersed in the matrix, whereas in A. pectinata and P. fucata, nanofibrils are grouped into bundles. In A. pectinata byssus, these fibrils are closely packed, while in P. nobilis and P. fucata byssus, the packing is looser. A Fast Fourier Transform (FFT) of the TEM image allows a better characterization of the packing, and shows that locally, the fibrils in byssus of all three species present a well ordered hexagonal packing (Fig. 5d, h and l) , with a distance between fibrils of 10.6 (AE 0.4) nm in P. nobilis fibers, 8.1 (AE 0.7) nm in A. pectinata fibers and 10.4 (AE 0.6) nm in P. fucata fibers (calculated from the FFT). On larger length scales, however, the organisation was lost (Fig. 5c, g and k) . Finally, the contrast between fibrils and matrix in P. fucata byssus differs from A. pectinata and P. nobilis byssus. All fibers present a porous matrix between the bundles, but the matrix in P. nobilis and A. pectinata is stained darker than in P. fucata, compared to the fibrils, which may be due to compositional differences, as supported by amino acid analysis.
Discussion
Our investigation reveals that mussel byssal threads of the three species chosen from the order Ostreida possess a similar composition and ultrastructure to one another, which is entirely different from threads of Mytiloida mussels (Fig. 6 ). Ostreida mussel byssus appears to be comprised of distinct nanofibrils assembled from globular protein subunits organized into a helical structure (Fig. 6a ). As already suggested in the literature, 9, [24] [25] [26] our compositional analysis indicates that Ostreida byssus fibers are not likely to be comprised of collagenous proteins. This conjecture was confirmed convincingly via analysis of WAXD and SAXD patterns from the threads of all three Ostreida species. WAXD patterns showed absolutely no evidence for the presence of triple helical collagen structure or any other periodic secondary structure, while SAXD patterns clearly indicate the presence of helical fibers, supported by TEM imaging.
This peculiar way of building fibers is shared between the three species investigated, with slight differences. There seems to be more similarities between the byssus ultrastructure of P. nobilis and A. pectinata, which belong to the same superfamily, than between them and P. fucata, which is less closely related. Indeed, A. pectinata and P. nobilis byssal threads exhibit a similar biochemical composition, have the same size building blocks (as determined by SAXD analysis), and present very similar TEM images. The major difference between the two based on these data is the grouping of nanofibrils into bundles in the byssus of A. pectinata, while the nanofibers are more dispersed in P. nobilis byssus. This results in a difference in the fibril/matrix ratio that may be responsible for the slight differences in amino acid composition since the matrix is likely to be made by different protein(s) than the fibrils, as is the case in Mytilus spp. byssus. 44 In contrast, the distances between subunits of the protein helix of P. fucata byssus are slightly larger than those in Pinnidae byssus, which likely indicates that the protein subunits are slightly bigger. In any case, these findings strongly suggest that the Pinnidae mussels possess a very similar protein subunit for building the helical nanofibrils based on the fact that they are much closer on the evolutionary tree, whereas, although P. fucata has retained the same general helical structure, the protein subunit is appreciably different from that of the Pinnidae. Investigations are underway to determine the sequence of these proteins; however, it has already been reported that byssal threads from Pinctada spp. may contain a thrombospondin-like protein, 29 which is consistent with our model of globular protein building blocks. Thus, it stands to reason that the Pinnidae byssus building blocks may be similar. However, this must be further examined.
In spite of the differences between P. fucata and Pinnidae mussel byssus, they are much more similar to one another than to Mytilid byssus. Indeed, Pinnidae and Pteriidae both belong to the same order (Ostreida), while Mytilus spp. belongs to a different order (Mytiloida) (Fig. 2) . The existence of morphological variations within different orders of the same infraclass is confirmed by Anomia -like Pinnidae and Pinctada, Anomia belongs to the Pteriomorphia, but it possesses a mineralized byssus that is completely different, since it is 90% calcified. These evolutionary divergences in nanostructures might actually be linked to the living environment of the mussel as previously suggested: 9 Ostreida prefers calm water and might not need the special chemical/structural features that allow Mytilus spp. mussels to survive in harsh environment with crashing waves. Even within Mytilus spp., some species (e.g. Mytilus californianus) have apparently evolved to survive in higher wave impact zones than other related species (e.g. Mytilus edulis and Mytilus galloprovincialis). 45 The byssus macrostructure (number, thickness and length of threads) also seems to be influenced by the mode of anchoring. For example, Mytilus spp. and Pinctada spp. are anchored on hard surfaces (rocks, coral), and therefore, they use a small amount of thick and short threads, whereas A. pectinata and P. nobilis evolved a different anchoring strategy as their byssus is buried in muddy or sandy sediments. 9 This may explain why they have an exceptionally 
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high amount of long and thin threads (up to 30 000), whose attachment relies more on entanglement rather than adhesion. Thus, as with the sheer diversity of different spider silks adapted to different physical requirements, 7 many different forms of byssus have appeared throughout evolution. It seems likely that their properties may reflect both the systematic position within the class Bivalvia and the pressures of the ecological niche in which they live. This conclusion based on the micronano structure of byssus threads from related species seems to confirm a similar hypothesis suggested by Marcotte and co-workers based on compositional and mechanical analysis. 9 It is additionally notable, that similar to Mytilus spp. byssus, byssal threads of Ostreida mussels contain an elevated content of inorganic ions, especially iron and calcium, although seasonal and regional dependence of inorganic content in byssus threads 46, 47 prohibit detailed or quantitative comparison between species and with other studies. While it is well established that transition metal ions, such as Fe 3+ and Zn 2+ play a critical role in determining the tough and self-healing behaviour of Mytilus spp. byssal threads by forming metal coordination bonds with specific amino acid ligand in the byssus proteins (e.g. Histidine and DOPA), 48 the potential role of ions in the assembly and performance of Pinnidae byssus is not yet clear. Due to the very low DOPA content and the high content in charged amino acids, it was previously hypothesized that assembly and mechanics of P. nobilis byssus may rely on electrostatic interaction. Along these lines, it was recently reported for P. fucata that Ca 2+ may induce thread assembly and that metal removal reduced mechanical performance of threads; 28 thus, it seems feasible that they may play a similar role in Pinnidae byssus given their structural and compositional similarity to P. fucata threads. While the potential role of calcium ions remains to be established in Pinnidae threads, Fe-DOPA crosslinks have been reported to play a key role at the interface between A. pectinata byssus threads and soft tissue. 49 Perhaps the most perplexing finding of this study is the peculiar fibrillar superstructure in the Ostreida mussel byssus, which is built up from globular proteins arranged in a very welldefined helix (Fig. 6a ). Helical structures per se are not unusual in extraorganismic protein fibers. For example, fibrillar collagen is comprised of right-handed triple helices of three protein chains with left handed poly-proline II helical conformation, 50 while coiled coil alpha helices are dominant in the intermediate filaments which comprise materials such as wool, 51 gastropod egg cases 52 and even hagfish slime. 53, 54 In fact, the byssal threads of the giant clam Tridacna maxima were discovered to consist of proteins arranged in a four stranded alpha helical coiled coil. 20 However, the discovery of a supramolecular helix of globular proteins that was deduced here from the SAXD patterns from the Ostreida mussel byssal threads is, as far as we know, unprecedented in an externally secreted macroscopic biological fiber. The only analogous structures fabricated extracellularly are single nanofibrils produced by bacteria known as pili. In some cases, bacterial pili can be used as an anchor to resist flow, as in the case of E. coli living in the urethra during urinary infections. In this case, the helical structure of the bacterial pili handles load from fluid flow by extending like a spring. 55, 56 The helical structure of the nanofibrils within the Ostreida byssal threads might perform in a similar manner in its role as a sedimentary anchor, but on a macroscopic scale. In support of this hypothesis, single molecule force spectroscopy measurement of single bacterial pili with atomic force microscopy (AFM) exhibit an initial stiff region followed by a long yield plateau and finally a post-yield stiffening region, 57 which is reminiscent of previously published tensile stress-strain curves of P. nobilis byssus fibers. 9 In single bacterial pili, the yield plateau was attributed to the unravelling of the higher order helix comprised of many globular subunits, while the post-yield stiffening was surmised to elongation of the unfolded helix. 57 At the macroscopic scale, the yield plateau observed in mechanical tests of P. nobilis threads could represent the successive unravelling of many helical nanofibrils or from sliding of subunits in the matrix for example. Unfolding and elongation of alpha helical coiled coils results in a similar macroscopic stress-strain curve in materials such as wool, 58 hagfish slime 53 and whelk egg capsules 52 adding further support to this putative structure-function model. However, verifying this conjecture must await further investigation -perhaps by coupling XRD with in situ mechanical testing, as has been successful with Mytilus spp. byssal threads. 18, 59, 60 
Conclusion
Through an in-depth comparative investigation of composition and ultrastructure, we have determined that byssal threads from Ostreida mussels including P. nobilis, A. pectinata and P. fucata, exhibit a peculiar protein superstructure in which globular protein building blocks are organized into a helical structure. Globular protein helices were not previously observed as a structural motif in macroscopic biological fibers and are extremely different from the collagen-based structure of Mytilus spp. byssal threads. This finding suggests a large evolutionary divergence in byssus design, which may have occurred at the separation of Mytiloida and Ostreida into distinct groups. While we are cautious in our interpretation of how this unusual supramolecular fibrillar structure might be related to the mechanical performance, similarities between previously published mechanical data from P. nobilis and single molecule data of bacterial pili suggest that unravelling of the superhelix and unfolding of globular protein structure may be involved in the extended yield plateau and high extensibility of the fibers. Indeed, a similar mechanism is at play in the mechanical performance of macroscopic materials based on coils coils (e.g. wool, hagfish slime, whelk egg capsule). Regardless of the exact molecular mechanism, the long history of human exploitation of Pinna nobilis byssus in the form of sea silk suggests that it is worth diving more deeply into this question. Indeed, these investigations may inspire new polymeric materials, as is the case with Mytilus spp. byssus, and may shed further light on the role of the byssus in the evolution of bivalves.
